Abstract. Hybrid poly(ether-urethane)acrylate (PEUA)/titania (TiO2) microcomposites were prepared using a novel method that includes a swelling of different photo-crosslinked PEUA networks in concentrated tetraisopropoxytitanate (Ti(OiC3H7)4 or TIPT) precursor solution in organic media followed by the hydrolysis of covalently bonded polyalkoxytitanate ([-OTi(OC3H7)2-]n) chains and their aggregation to amorphous micro-and nano-scale sized TiO2 particles. A formation of polymer/titania hybrids was confirmed by complex investigations of the hybrids using infrared (IR) spectroscopy, small angle X-ray scattering (SAXS) analysis, scanning electron microscopy (SEM) and gravimetry. The dependence of titania phase formation behavior versus functionality of the poly(ether-urethane)acrylate network was discussed. The presence of reactive groups in the organic network promotes the formation of surface-bonded ball-shaped type TiO2 inclusions as well as provides transparency to the hybrid film samples. The results obtained in this work can be applied for the development of polymer/TiO2 composite materials for multipurpose optical application and advanced sealants.
Introduction
Nowadays a great interest of many leading scientists in the world is attracted by perspective highperformance hybrid organo-inorganic polymer composite materials because of their multiple applications. Typically, for the composites (including hybrid composites) preparation the different dispersed substances, like metals (Ag, Au, Cu, Pt) [1, 2] , carbon [3] , clays [4] , CaCO 3 [5] , alumina [1] , silica [1, 6, 7] , titania (TiO 2 ) [1, [8] [9] [10] [11] [12] [13] [14] and others could be used. The polymer/titania composites are one of the most widespread due to their multifarious application fields, such as adhesives and sealants [8] , high-refractive thin films [9] , photocatalysts [11] , composite solid polymer electrolytes for Li-batteries [13] or solar cells [14, 15] . Basic methods of the polymer/titania composites preparation could be presented as follows: (1) formation of polymer materials with introduced fine-dispersed commercial TiO 2 [8] or commercially available stabilized titania suspension [16] , (2) self-made relatively stable TiO 2 sol preparation followed by incorporation into polymer matrix [10, 17, 18] , or (3) condensation of different functional organotitanium monomers followed by their polymerization until the linear TiO 2 -containing oligomers or polymer networks are formed [19] .
Here another perspective way was proposed for the preparation of hybrid poly(ether-urethane)acrylate (PEUA)/titania microcomposites. Photo-cured poly(ether-urethane)acrylates were swollen in concentrated tetraisopropoxytitanate (Ti(OiC 3 H 7 ) 4 or TIPT) solutions in organic media followed by exhaustive hydrolysis of the covalently bonded precursor into titania aggregates. The microcomposites prepared were studied thoroughly using infrared (IR) spectroscopy, small angle X-ray scattering (SAXS) technique, scanning electron microscopy (SEM), gravimetry.
Experimental section

Materials
Oligooxypropylenes (OOP) with different functionalities (hydroxyl-terminated) having molecular weights of 2000 (bifunctional) and 5000 (trifunctional) (OOP 2000-2 and OOP 5000-3 , correspondingly) were taken as the oligoether component of the poly(ether-urethane)acrylates and were used as received. Commercial toluene diisocyanate (TDI) (mixture of 2,4-and 2,6-isomers with 80/20 ratio), hexamethylene diisocyanate (HMDI), ethylene glycol monomethacrylic ester (MEG), acrylic acid (AA), methyl methacrylate (MMA) and tertaisopropoxytitanate, Ti(OiC 3 H 7 ) 4 , (all from Aldrich Chemicals) were additionally purified by distillation at reduced pressure. Dicyclohexyl ketone (DCHK) has been used as a photoinitiator for PEUA curing without any purification. As solvents and swelling agents the chemical grade 2-propanol (2-P) or 1,4-dioxane (1,4-D) were used. As an extractive solvent for gel fraction determination pure acetone has been applied.
Preparation of poly(ether-urethane)acrylates
Poly(ether-urethane)acrylates of different structures, functionalities (terminal acrylic unsaturation) and molecular weights based on corresponding oligoethers, TDI or HMDI and MEG were synthesized using a method that is similar with one described in [20] . Composition and main characteristics of the PEUA prepared are summarized in Table 1 . Schematically the PEUA macromolecules architecture and their definite terminal acrylic functionality were presented in Figure 1 . 
Preparation of polymer/titania hybrids
For preparation of hybrid polymer/titania microcomposites the poly(ether-urethane)acrylate networks were swollen in 50% (by weight) TIPT solution in 2-propanol or 1,4-dioxane at ambient temperature for definite time. Swelling ratio values for each PEUA network sample were calculated by Equation (1) 
Samples characterization
Chemical changes during synthesis of hybrid poly(ether-urethane)acrylate/titania microcomposites were identified via infrared spectral studies of the film samples using Bruker Tensor™ 37 FTIR analyzer in the spectral region of 4000-600 cm -1 . For phase heterogeneity (at nano-scale level) characterization a small angle X-ray scattering, SAXS, of the hybrid samples were carried out by slit collimated small angle X-ray camera KRM-1 according to Kratky technique over the scattering angle 2Θ = 0.08-3.5° using Ni-filtered Cu-K α radiation (λ = 0.154 nm). Geometrical adjectives of collimation system satisfied the requirements of the infinite high of X-ray beam [24] . Accomplishment of collimation amendment procedure was performed by Schmidt method [25] . Relative parameters of microheterogeneity, like local heterogeneity range, l p [26] , and relative heterogeneity parameter (Porod invariant), Q [27] were determined. In order to characterize micro-and nano-scale heterogeneity the morphology studies of the composites prepared were performed by JEOL JSM 6060 LA Scanning Electron Microscope (Tokyo, Japan) at an accelerating voltage of 30 kV. Before measurements the samples were sputter-coated with gold film of 5-10 nm thickness. Microscopy technique was combined with image analysis in order to quantify the distribution size of the particles (two-dimension analysis).
Results and discussion
Swelling behavior and gravimetry analysis
Studies of hybrid PEUA/titania materials were carried out using swelling characterization, gravimetry analysis, IR spectroscopy, SAXS and SEM combined with image analysis. Visual observations of the initial polymer networks and their hybrid composite analogues (after TIPT treatment and hydrolysis) were carried out and certain changes are identified. As it was observed the initial polymer networks are fully transparent for visible light, whereas their treated (with TIPT solutions) analogues are characterized by slight transparency reduction. It is important that the aforementioned changes are characteristic of the samples with pen- Figure 4 . Beforehand, it must be noticed that chemical composition and structures of initial poly(ether-urethane)acrylates and photo-cured ones are quite similar in respect of IR spectroscopy analysis. IR spectrum of initial COOH-functionalized PEUA network of A4 (A5) composition before TIPT treatment was presented and used as a reference curve. The IR spectra of the hybrid composites (A2, A3 and A4) were obtained and analyzed.
As it can be seen the initial polymer network (Figure 4 , curve 1) has typical characteristic bands of well-known and well-described in literature poly(ether-urethane)s (poly(ether-urethane)acrylates) [28] . For detailed analysis the most characteristic (for these compositions) bands of O-H (N-H) stretching vibrations in the region of 3500-3200 cm -1 and C=O stretching vibration at 1730-1700 cm -1 have been clearly selected. Here the Gaussian peaks decomposition technique was applied for analysis of relative bands of the spectra to determine any chemical changes of the components during the composites preparation. Additionally, several other characteristic bands in the spectral regions of 3000-2850, 1500-1400 and 1000 cm -1 were also found. Detailed Gaussian peaks decomposition analysis of the complex O-H (N-H) and C=O bands shows the following. The main constitution of O-H (N-H) band of initial PEUA network corresponds to Hbonded N-H stretching vibration of urethane component centered at 3321 cm -1 . Low intensity stretching vibration of 'free' N-H groups and/or O-H groups of carboxyls at 3456 cm -1 was also observed [29] . Complex C=O band could be divided at least on two peaks centered at 1711 cm -1 (C=O stretch of free COOH groups) and at 1729 cm -1 (C=O stretch of urethane/(meth)acrylates ester groups). It should be noted that relative intensity ratio of characteristic bands of 'free' carboxyls C=O and urethane/(meth)acrylate ester C=O (I C=Oc /I C=Ou/a ), as well as relative intensity ratio of O-H and N-H groups (I O-H /I N-H ) were used for qualitative analysis of chemical changes within hybrids formed. Other bands of the functional groups having a secondary importance for current IR spectra analysis have been also detected in the IR spectrum of initial PEUA. Namely, the sharp medium intensity bands at 2970 and 2870 cm -1 are attributed to C-H stretching vibration of methylene groups of oligoether segments. ites evidenced of organic-inorganic hybrids formation. One can supposed an abnormally high intensity of O-H band can be evidenced of incomplete isopropyl alcohol elimination from relatively dense organic-inorganic network of A2 and A3 composites compared to initial PEUA network. Similar conclusions can be drawn when the analysis of complex C=O characteristic bands was carried out.
As it was found the position of corresponding C=O bands is practically the same while their intensity substantially changed. Actually, the relative intensity I C=Oc /I C=Ou/a ratio is gradually decreased when the TiO 2 content in the range of initial PEUA → A2 → A3 → A4 is increased. It is an evidence of decreasing 'free' COOH content in the composites prepared due to their participation in chemical interactions with initial inorganic constituent (Ti(OiC 3 H 7 ) 4 ). Additionally, the appearance of a new broad and high intensity Ti-O stretch in the wavenumber region of lower 725 cm -1 (a shoulder of the mentioned peak is presented in Figure 4 , curves 2-4) in the composite samples was observed. The shifts or redistribution of the intensities of other functional groups of organic constituent, namely aliphatic and aromatic C-C and C-H, C-O-C ether, etc., which do not take part in any interactions during hybrid composites formation practically were not observed. Thus, detailed IR analysis of the microcomposites prepared allowed to confidently concluded that the chemical interactions between carboxyl groups of poly(etherurethane)acrylate networks and Ti(OiC 3 H 7 ) 4 precursor are carried out and formation of the organicinorganic hybrids occurred.
SAXS measurements
To investigate the microheterogeneity level of the hybrid composites prepared SAXS measurements were carried out on initial PEUA, samples with higher TiO 2 inclusions contents as well as pure amorphous TiO 2 prepared using standard sol-gel technique [30] , and the results are reported in Figure 5 and Table 4 . Clearly, the diffractogram presented shows that the initial components and hybrid Figure 5 . SAXS diffractograms of initial components and selected polymer/titania hybrids (Figure 5 , high resolution supplement) shows a broad flat peak centered at 2Θ ≈ 1°. For A7 sample an existence of this peak is also considered (at a little higher 2Θ) but it is not so appreciable. It can be evidence of slight predominance of one closely-sized nanoheterogeneous regions over the other ones. Mathematical treatment of these plots is allowed to calculate a characteristic size of nanoheterogeneity regions, l p , for the samples. Specifically, l p values for A4 and A7 composites was found as 5.0 and 3.5 nm, respectively, compared to 8.4 nm for initial PEUA network. As it will be shown below (SEM measurements) these values do not reflect a real heterogeneity of the hybrid composites and characterize exceptionally nano-scale heterogeneity (phase separation) level of typical poly(ether-urethane)acrylates. Another method of heterogeneity characterization was also applied and described using Porod invariant. Actually, as it was calculated, the Porod invariant values, Q, for initial PEUA network, A4 and A7 hybrids were about 9.8, 11.2 and 14.6 relative units, respectively. Thus, A7 hybrid composition (based on non-functionalized poly(ether-urethane)acrylate) has a higher heterogeneity level compared to the A4 hybrid, and, correspondingly, pure PEUA network (Table 4) . Additionally, it should be noted that the A7 composite sample has a higher intensity of scattering compared to A4 composite in the full range of 2Θ scale (up to 2Θ = 3°) that can be also due to higher heterogeneous regions content. Summarizing the foregoing facts it can be concluded that the microcomposite samples prepared are characterized by well-defined nanoheterogeneity level. Increasing phase separation processes and formation of smaller nano-scaled heterogeneous regions occur while the amorphous TiO 2 agglomerates are formed inside organic PEUA network. An evidence of heterogeneous character of the hybrid composites in micro-scale level will be shown below using their morphology studies by SEM.
Morphology characterization
The surface morphology of the aforementioned hybrid composites was investigated and SEM microphotographs and basic heterogeneity characteristics were presented in Figures 6, 7 and Table 4 , correspondingly. First, as it could be seen from Figure 6 , a-d formation of the hybrid composites is accompanied by partial fracturing of the samples because of internal tension excess during formation and enlargement of inorganic TiO 2 inclusions. The morphology analysis of A4 composite (Figure 6a 6b; Figure 7 , curve 1) shows relatively low polydispersity level of dispersed phase with TiO 2 particle size from 2.50 to 0.17 µm and, probably, even lower (as an evidence of significant sample transparency). The dominant TiO 2 fraction dispersed in polymer network was about 0.90-1.70 µm, whereas the presence of large particles with linear dimension at ~3 µm is atypical (see Table 4 ; Figure 7 , curve 1). It should be noted that for A4 hybrid relatively uniform TiO 2 aggregates distribution in the sample volume was found. As an interesting fact of SEM studies, the ball-shaped dispersed titania particles (single or aggregates) were mainly observed for this composition (Figure 6a-6b) . Otherwise, A7 hybrid (Figure 6c-6d ) is characterized by uniform TiO 2 particles distribution with particle linear dimension size in the range of 0.1-7.0 µm (Table 4 ; Figure 7 , curve 2). It is important that there are no any possibilities to determine the dominant fraction of TiO 2 inclusions in A7 hybrid sample due to quite broad particle size range. Moreover, irregular shape types of titania inclusions are typical for this composite based on nonfunctionalized organic poly(ether-urethane) acrylate constituent. It could be also seen that volume distribution of TiO 2 aggregates formed in A7 composition is mainly random (Figure 6c-6d) . Thus, it can be concluded that typical hybrid polymer/titania composites using a swelling approach for hybrids synthesis were prepared and the samples obtained were studied in details. Carboxyl functionality of polymer chain playing a role of covalent bonding sites for inorganic Ti(OiC 3 H 7 ) 4 component and organic PEUA chains has a significant influence on inorganic aggregates distribution in the film samples as well as on TiO 2 particles shape. Additionally, the samples with pendant COOH functional groups are characterized by narrow titania particles size distribution.
Conclusions
Summarizing of the experimental results presented in this work is allowed to conclude the follow. Synthesis of polymer/titania hybrid microcomposites via swelling of poly(ether-urethane)acrylate polymer network in concentrated solution of tetraisopropoxytitanate in 2-propanol or, that was found as more effective, 1,4-dioxane organic media were carried out. The composites prepared were characterized via IR, SAXS and SEM techniques, as well as their gravimetric parameters and swelling behavior in details. Gravimetric analysis shown that TiO 2 content in the most polymer composites prepared was found in the range of 3. 
